Minor and trace elements can substitute into the crystal lattice of galena at various concentrations. In situ LA-ICP-MS analysis and trace element mapping of a range of galena specimens from different deposit types are used to obtain minor/trace element data, aimed at achieving insight into factors that control minor/trace element partitioning. The previously recognized coupled substitution Ag
abstraCt
Minor and trace elements can substitute into the crystal lattice of galena at various concentrations. In situ LA-ICP-MS analysis and trace element mapping of a range of galena specimens from different deposit types are used to obtain minor/trace element data, aimed at achieving insight into factors that control minor/trace element partitioning. The previously recognized coupled substitution Ag . Tin can reach significant concentrations in galena (>500 ppm). Cd and minor Hg can be incorporated into galena; the simple isovalent substitution (Cd,Hg) 2+ ↔ Pb 2+ is inferred. This paper shows for the first time, oscillatory and sector compositional zoning of minor/trace elements (Ag, Sb, Bi, Se, Te, Tl) in galena from two epithermal ores. Zoning is attributed to slow crystal growth into open spaces within the vein at relatively low temperatures.
The present data show that galena can host a broader range of elements than previously recognized. For many measured elements, the data sets generated display predictable partitioning patterns between galena and coexisting minerals, which may be dependent on temperature or other factors. Trace element concentrations in galena and their grain-scale distributions may also have potential in the identification of spatial and/or temporal trends within individual metallogenic belts, and as markers of ore formation processes in deposits that have undergone superimposed metamorphism and deformation. Galena trace element geochemistry may also display potential to be used as a trace/minor element vector approach in mineral exploration, notably for recognition of proximal-to-distal trends within a given ore system. Keywords: Galena, trace elements, laser ablation-inductively coupled plasma-mass spectrometry, compositional zoning, substitution mechanisms iNtroduCtioN Galena is the most abundant and important lead ore mineral. Despite its simple chemical formula (PbS), several additional minor and trace elements can be incorporated into its simple cubic crystal structure. Many of these elements, such as Ag, Bi, Se, and Te, can be extracted economically as by-products from an ore containing galena. Others such as Sb, Cd, and Tl exist as impurities that may represent an environmental hazard that can be expensive to safely dispose of, or will incur a monetary penalty if present at high enough concentration in a Pb-or PbZn-concentrate. A better understanding the nature and distribution of minor/trace elements in galena is thus invaluable for the minerals industry.
Previous studies of galena (Bethke and Barton 1971; Blackburn and Schwendeman 1977; Tauson et al. 1986; Foord et al. 1988; Foord and Shawe 1989; Liu and Chang 1994; Lueth et al. 2000; Chutas et al. 2008; Renock and Becker 2011) have shown that many minor/trace elements are able to substitute into the crystal lattice at a range of concentrations. Most published work has focused on elements such as Ag, Bi, or Sb that are known to occur at relatively high concentrations in some galena specimens (Van Hook 1960; Foord et al. 1988; Foord and Shawe 1989; Jeppsson 1989; Lueth et al. 2000; Costagliola et al. 2003; Chutas et al. 2008; Renock and Becker 2011) . Marked gaps in our knowledge exist with respect to the ranges of concentration and inter-element correlations in galena from different types of deposit, and the laws that govern these distributions. Compositional data for galena in a sample suite representative of different styles of ore genesis is also invaluable for constraining the underlying mechanisms of element substitution better than they are at present.
Grain-scale compositional zoning is recognized in many sulfides, e.g., pyrite, arsenopyrite, and sphalerite (Hinchey et al. 2003; Chouinard et al. 2005; Di Benedetto et al. 2005; Morey et al. 2008; Cook et al. 2009 Cook et al. , 2013a Cook et al. , 2013b Large et al. 2009 ), but has not yet been documented as such in galena, and has only been inferred from optical zoning (Ramdohr 1980) . This paper reports a reconnaissance study of elemental trace element analysis of galena from different types of galena-bearing mineral deposits. The aim of this paper was to identify the factors that govern minor/trace element partitioning in galena, and also determine elemental trends and correlations and consider whether specific minor/trace elements are released or retained in the galena structure during syn-metamorphic recrystallization at different facies conditions. Although many of our findings are preliminary and may deserve verification by additional studies, we believe that, alongside geometallurical applications, the grain-scale distribution of trace elements in galena has application in ore genesis, and potentially also in mineral exploration.
The approach here is analogous to that of sphalerite and bornite/chalcocite described in Cook et al. (2009b Cook et al. ( , 2011 , respectively. The sample suite used in this study is representative of a range of Pb-Zn ores from different deposit types and from different metallogenic provinces worldwide (Table 1 ; Fig. 1 ). The mineralogy and petrography of each sample is characterized using optical and scanning electron microscopy (SEM), and in situ laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) to obtain trace element data with detection limits well below 1 ppm for many heavier elements. LA-ICP-MS trace element mapping is used to detect minor/trace element heterogeneity at the scale of single grains.
Integral to any research into minor/trace element distributions in a mineral is the ability to distinguish between the presence of any given element in solid solution from the same element occurring as microscale inclusions of a distinct mineral phase. Although not able to directly prove the existence of solid solution or micro-inclusions, LA-ICP-MS can provide support for the mode of occurrence of a given element. If sufficiently large and/or heterogeneously distributed, micro-inclusions will be noticeable on the time-resolved ablation down-hole profiles.
baCkGrouNd
In recent times, multi-element microanalytical techniques with parts per million-level precision and micrometer-scale spatial resolution have become readily available [e.g., LA-ICP-MS and electron probe microanalysis (EPMA)], resulting in the generation of large amounts compiling the abundance of minor/ trace elements in the common sulfides (e.g., Cook et al. 2009a Cook et al. , 2009b Cook et al. , 2011 Large et al. 2009; Ye et al. 2011; Winderbaum et al. 2012; Ciobanu et al. 2013; Reich et al. 2013 ). Development of high-resolution scanning electron microscopy and chemical mapping techniques at the 0.1-1 µm scale has shown extraordinary compositional heterogeneity in many sulfides, even those previously considered not to display compositional inhomogeneity such as molybdenite (Ciobanu et al. 2013) . One implication of these studies is that much of the published minor/trace element data, especially those obtained before the modern era, may simply represent averages of more than one compositionally distinct zone within a given mineral. The published data for galena summarized below nevertheless provides a foundation for understanding the range and quantities of minor/trace elements that can be incorporated.
Silver, bismuth, antimony, and arsenic
Substitution of silver into galena represents a well-characterized example of solid solution. Monovalent Ag is virtually insoluble via the simple 2Ag + ↔ Pb 2+ substitution (maximum 0.4 mol% at 615 °C; Van Hook 1960) due to the requirement that one of the two silver atoms must be placed in a structurally unfavorable interstitial position in the galena lattice. Pring and Williams (1994) concluded that in the absence of Bi or Sb, substitution of Ag into PbS in solid solution will not exceed 0.1 mol%, and that Ag formed inclusions of native silver that showed no crystallographic relationship with host galena. In past studies, high concentrations of Ag in galena have been commonly explained by the presence of submicrometer scale of inclusions of acanthite (Ag 2 S, e.g., Krismer et al. 2011) , and if both Sb and Bi are present, explained by the exsolution of phases such as miargyrite or matildite. Attempts to identify the chemical state of Ag in galena by XANES methods (Giuli et al. 2005 ) also identified that inclusion-hosted Ag dominated over that of solid solution.
If aided by the presence of Bi 3+ and/or Sb 3+ (and potentially other trivalent cations), significant quantities of Ag can be added to the galena structure via the coupled substitution Ag
2+ (Chutas et al. 2008; Renock and Becker 2011) . This substitution results in the octahedral sites left by two Pb 2+ ions being fully occupied by Ag + and (Bi,Sb) 3+ (Costagliola et al. 2003) . In nature, galena commonly displays wide variations in Ag, Bi, and Sb concentrations (Lueth et al. 2000) . Below 420 °C, there is incomplete but substantial solid solution between galena and the two end-members matildite (AgBiS 2 ) and miargyrite (AgSbS 2 ), and complete solid solution above this temperature (Van Hook 1960; Wernick 1960; Hoda and Chang 1975; Amcoff 1976; Sharp and Buseck 1993; Ghosal and Sack 1999) . Silver solubility in galena has been shown to reach 9.4 wt% between 350 and 400 °C via this coupled substitution mechanism (Foord et al. 1988; Foord and Shawe 1989) . Chutas et al. (2008) demonstrated that Bi is preferred to Sb in the coupled substitution. Although rare, in an analogous coupled substitution together with Ag + , As 3+ can also be substituted into galena.
Coupled substitution indicates that the maximum possible mol% Ag within the galena lattice should not exceed mol% (Bi+Sb). If mol% Ag > mol% (Bi+Sb), the presence of submicrometer-scale inclusions of Ag-minerals can be inferred. Common Ag-bearing phases observed as inclusions in galena include acanthite, Ag-Cu-Sb-or Ag-Cu-As-sulfosalts, and Ag-tellurides and sulfotellurides (Sharp and Buseck 1993; Lueth et al. 2000; Cook and Ciobanu 2003) . Costagliola et al. (2003) showed that metallic silver (Ag   0   ) is an insignificant component in natural galena. As with other sulfides, electrum inclusions will be more widespread if Au is also present (Knipe et al. 1992; Larocque et al. 1995) . Scaini et al. (1997) have however demonstrated that Ag 0 can be taken into galena through sorption of Ag + onto the surface of a galena, and the subsequent oxidation/sulfidation of Ag + through ion exchange. This process may only occur naturally in environments poor in Bi or Sb, when Ag cannot be preferentially incorporated into the galena lattice via coupled substitution(s) (Jeppsson 1989) .
In the case that mol% (Bi + Sb) exceeds mol% Ag in galena, micro-inclusions of Bi-or Ag-bearing phases (miargyrite, matildite, etc.) can be inferred. When Sb is dominant, common inclusion minerals include myargyrite, stibnite (Sb 2 S 3 ), tellurantimony (Sb 2 Te 3 ), or Ag-(Cu)-Pb-Sb-sulfosalts. When Bi is dominant, common inclusion minerals will include bismuthinite (Bi 2 S 3 ) and Kovalenker et al. (1997) , Islamov et al. (1999) , 30 Epithermal (Py earlier than BMS) Plotinskaya et al. (2006) 38 47 Notes: Mineral abbreviations: BMS = base metal sulfides; Cp = chalcopyrite; Gn = galena; Po = pyrrhotite; Py = pyrite; Sp = sphalerite; Tet = tetrahedrite-tennantite. a Coexisting sphalerite analyzed in Lockington et al. (2014) . b Cook et al. (2009b) .
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Thallium and copper
Thallium is commonly found in galena at concentrations up to 20 ppm (Nriagu 1998) . Graham et al. (2009) . Blackburn and Schwendeman (1977) report up to 70 ppm Cu in galena. They attributed the copper to the monovalent state, and believed it was involved in similar coupled substitutions as Ag.
Selenium and tellurium
Clausthalite (PbSe) forms a continuous solid solution with galena above 300 °C, allowing for several wt% Se to be present in galena (Liu and Chang 1994) . Intermediate compositions along the PbS-PbSe join are widely reported (e.g., Coleman 1959) , however a continuous solid solution between galena and altaite (PbTe) does not exist. This is due to miscibility gaps between end-members below 805 °C (Darrow et al. 1966; Liu and Chang 1994) , commonly resulting in micrometer-to submicrometer-scale inclusions of altaite within galena. Bethke and Barton (1971) and Tauson et al. (1986) demonstrated that Cd and Hg could be incorporated into galena via solid solution. Foord et al. (1988) reported concentrations of Hg in natural galena from the Round Mountain and Manhattan Gold Districts, Nevada. Unpublished data from Bethke and Barton (1971) claimed that galena could incorporate as much as 25 mol% CdS in solid solution at the eutectic temperature of 950 °C. From incomplete experiments they also concluded that Mn can be incorporated into galena up to a maximum of 3.5 mol% MnS. Tauson et al. (1986) report much lower solubility of CdS and HgS in galena (1.5 and 1 mol%, respectively), and considered partitioning of Hg between coexisting galena-sphalerite pairs as a potential geothermometer. However in a later paper, Tauson et al. (2005) showed that Cd and Hg could be adsorbed onto the surface of galena crystals, leading to the conclusion that the concentrations of Cd and Hg in galena reported earlier were 1-2 orders of magnitude too high, and that the solubility limits of structurally bound Cd and Hg may be much lower.
Cadmium, mercury, and manganese

baCkGrouNd GeoLoGy of ore samPLes
Forty-one samples of Pb-Zn ores were analyzed from 15 representative deposits worldwide ( Fig. 1; Table 1 ; see references therein). The two best represented deposit types are metamorphosed sedimentary-exhalative (SEDEX) deposits (7) and epithermal deposits (5). Three other deposit types are also included: skarn (Băiţa Bihor, Romania); non-metamorphosed ophiolite-hosted massive sulfides (VHMS) (Vorţa, Romania); and an orogenic gold deposit (Lega Dembi, Ethiopia).
The epithermal group includes examples from orogenic belts in Central Asia (Kochbulak, Uzbekistan), and SE Europe (Romania and Bulgaria), with ages ranging in age from Paleozoic to Neogene. Due to their affiliation with relatively young magmatic-hydrothermal systems in volcano-plutonic arcs, all these deposits are known for their varied mineralogy and include Pb-Ag-Sb-As or -Bi sulfosalts. Galena sampled include those from base metal veins that are satellite to high-grade Au orepipes (Kochbulak), or porphyry Cu-Au stocks (Elatsite, Bulgaria). Galena was also sampled from a magmatic-hydrothermal breccia with Pb-Zn and Au orefield zonation (Baia de Arieş, Romania), and from typical polymetallic veins [Pb-Zn-Ag veins from Herja, Baia Mare District, Romania, and Cu-Au-Pb-Zn veins from Toroiaga, 90 km to the east; both systems relating to the same regional-scale E-W-trending Dragos Voda fault (Neubauer et al. 2005 and references therein)]. The Toroiaga veins are considered to have formed at temperatures of as much as 400 °C (Cook 1997) , unlike most deposits in the Baia Mare district sensu stricto that are typical Pb-Zn+Ag veins. The Vorţa and Baia de Arieş deposits define the start and end of a succession of Alpine magmatic-hydrothermal events in South Apuseni Mts. spanning from the Jurassic (ophiolite-hosted seafloor syngenetic volcanogenic massive sulfides) to Neogene [Golden Quadrilateral (GQ); Ghiţulescu and Socolescu 1941; Vlad and Borcos 1997; Ciobanu et al. 2004] . Both deposits are known for their controversy regarding overlapping between younger and older styles of mineralization.
Băiţa Bihor and Elatsite are located hundreds of kilometers apart but belong to the same Late Cretaceous Banatitic Magmatic and Metallogenetic Belt (BMMB), which is recognized for a widespread Bi-signature throughout all mineralization styles (e.g., Ciobanu et al. 2002) . The largest number of samples in this study (8) are represented by those from Băiţa Bihor, and has the most diverse sulfide mineralogy [As-, Sb-, and Bi-sulfosalts as well as Bi-and Ag-tellurides; Cioflica et al. (1995 ; Ilinca and Makovicky (1999) ; Cook and Ciobanu (2003) ; Ciobanu et al. (2011 Ciobanu et al. ( , 2014 ; Ilinca et al. (2012) ], and most complex geochemical signature (Bi-Ag-WSe-Te-Ni-Co-Sn) among the 15 deposits. Here, the Pb-Zn ores are characteristic of distal ore at the marble/skarn contact in each Cu-dominant orepipe (Antoniu and Antoniu North), and form distinct Pb-Zn orebodies such as Marta several hundred meters away. Minor galena+sphalerite also occur within the inner part of Cu-orebodies. The SEDEX group (Table 1 ; see references therein) includes giant/large Proterozoic deposits from several cratonic/shield areas such as Broken Hill (New South Wales, Australia), Mt. Isa (Queensland, Australia), Sullivan (British Columbia, Canada), or smaller deposits such as Zinkgruvan (Bergslagen, Sweden). Ore deposits within this group have undergone variable metamorphism ranging from granulite facies (Broken Hill) to greenschist facies (Mt. Isa). Included in the same group are two smaller deposits (Bleikvassli and Mofjellet) from the (Lower Paleozoic) Norwegian Caledonides, and an occurrence (Kapp Mineral) from the Svalbard Archipelago of undetermined age (mineralization occurs along Tertiary faults at the contact between Late Proterozoic and Paleozoic sequences). Each of the 7 SEDEX deposits has undergone regional metamorphism (Table  1) , however, unequivocal textural evidence for recrystallization of the sulfide assemblages is only seen in those metamorphosed above greenschist facies. Textural evidence of recrystallization is absent in samples from Mt. Isa, Sullivan, and Kapp Mineral, but evident in samples from Mofjellet, Bleikvassli, and Broken Hill that display coarse annealed textures, commonly with 120° triple junctions between grains. Recrystallization at peak metamorphic conditions should allow equilibrium partitioning of elements between coexisting minerals. In that respect, peak metamorphism conditions (Table 1) will only give upper temperature limits for co-crystallization of sulfide assemblages. Similar to the epithermal deposits, these deposits (except Kapp Mineral) display a diverse mineralogy as a response to remobilization during the metamorphic overprint (e.g., Cook et al. 1998) .
The Lega Dembi deposit, Ethiopia, is of orogenic Au type. It is included here due to its unusually Pb-rich character, and since galena and different Pb-As-and Pb-Sb-sulfosalts, tellurides, and selenides are associated with Au deposition . Inclusion of this deposit thus enables comparison of trace element geochemistry of galena in sulfide assemblages crystallized at comparable temperatures during formation as regional metamorphic overprinting, but in different styles of mineralizing system (i.e., orogenic Au vs. metamorphosed SEDEX), as well as between telluride-rich Au deposits of different types (i.e., epithermal and orogenic Au; Cook et al. 2009c ). Prepared as a one-inch polished block, each sample was examined by optical and scanning electron microscopes. Figure 2 displays various occurrences of galena, and its associated textures. Cleavage patterns in coarse galena highlight the difference between crystallization in open spaces (skarn), and under superimposed deformation during metamorphism (Figs. 2a and 2b) . Comparison of sulfide assemblages from metamorphosed SEDEX deposits show that those that underwent metamorphism at amphibolite facies are coarser-grained and display mutual boundaries, interpreted to represent equilibrium during re-crystallization. In contrast, deposits metamorphosed at greenschist facies retain primary (inherited) textures relating to syn-sedimentary precipitation, such as fine intergrowths between sulfides (Figs. 2c-2f).
exPerimeNtaL methods
Backscattered electron (BSE) imaging allowed characterization of mineral inclusions within galena, and was used in selecting areas for trace element analysis and element mapping.
Quantitative trace element compositional data for galena ("spot analyses") was obtained using a New Wave UP-213 Nd:YAG laser-ablation system coupled to an Agilent HP-7500 inductively coupled plasma mass spectrometer (Adelaide Microscopy, University of Adelaide). Beam diameter was set at a constant 30 µm, with a repetition rate of 4 Hz and energy set to produce a fluence at the sample of ~0.5 J/cm 2 . Data were collected using time-resolved data acquisition in fast peakjumping mode, and calculations were carried out using GLITTER data reduction software (Van Achterberg et al. 2001) . Total acquisition time for each analysis was 80 s, with 30 s background measurement followed by 50 s of sample ablation. Further details can be found in other recently published accounts of LA-ICP-MS analysis of sulfides in our laboratory (Cook et al. 2013b; Ingham et al. 2014) .
Every precaution was taken to ensure analyzed areas were free of inclusions large enough to be seen by SEM backscatter electron imaging. Despite this, when using a spot diameter large enough to achieve sub-parts per million precision, the LA-ICP-MS technique cannot always resolve chemically distinct, exsolved phases at sub-surface, particularly when they are only present at the submicrometer level. Based on SEM inspection of ablation craters, the approximate ablation rate for galena is ~0.6-1.0 µm/s. Thus if they do exist, during ablation one could potentially drill through submicrometer layers of phases very quickly. The smooth time-resolved depth spectra can therefore represent an averaging effect due to the limited depth resolution, which is in turn a result of the rapid ablation rate of galena, and the large list of elements giving a long sweep time. Similarly, the lateral resolution is limited by the size of the laser spot. If the analyzed area is finely zoned across the grain, then a spot may well stretch across multiple zones, giving an average concentration.
Calibration was performed against the MASS-1 sulfide reference material formerly known as PSD-1 (Wilson et al. 2002) The BCR-2G silicate glass reference material (Wilson 1997 ) was used as a secondary check (running it as an "unknown") given that the MASS-1 reference material, although matrix-matched, is not well suited for analysis if used alone.
MASS-1 contains a small amount of Pb compared to galena. The response of the electron multiplier is linear over 9 orders of magnitude, and an electron multiplier Pulse to Analog calibration is carried out at the beginning of every run, and as a result in our view the counts per second/parts per million yield is not considered a significant issue when using standards with a low amount of the internal standard compared to the unknown (cf. the analogous case for molybdenite; Ciobanu et al. 2013 ). However, the major element composition of the MASS-1 is substantially different to galena, which could infer there are matrix effects that are not quantifiable at present. Danyushevsky et al. (2011) investigated the suitability of an analogous sulfide standard (STDGL2b2, containing 1216 ppm Pb) for the analysis of galena. Using Pb as an internal standard, Danyushevsky et al. (2011) analyzed pressed-powder pellets by XRF and solution ICP-MS. Results showed that standard analytical errors resulting from matrix-dependent fractionation were low (<15%) but can be as high as 50% for W, Zn, and Cd. Validation of MASS-1 for the analysis of galena is beyond the scope of the present paper. Even if the absolute numbers reported in this reconnaissance study are not 100% accurate, they are nevertheless systematic given the constant major element composition of galena. Thus any differences in trace element concentrations are considered to be internally consistent.
Batches of 12 analyses were bracketed by repeat analyses of the external standards, allowing monitoring of, and correction for, instrumental drift. A linear drift correction based on the analysis sequence and on the bracketing analyses of MASS-1 was applied to the count rate for each sample. Assuming 100% PbS composition, lead calculated from measurement of Bi. The two sulfur-and iron-isotopes were monitored to check for internal consistency. Mean minimum detection limits (mdl) for each element in each sample are given in Electronic Appendix A 1 . Errors are reported in GLITTER as 1σ based on counting statistics for signal and background. The equations are propagated throughout the calculations assuming a 1% relative uncertainty on the elemental concentrations in the reference material, and a 3% relative uncertainty on the values of the internal standard. Precision values for each element in each sample are given in Electronic Appendix A 1 -typically 10-30% for most elements present at measurable concentrations throughout the sample suite but higher for elements such as In, Hg, and Au that never exceed a few parts per million. It proved difficult to obtain low-mdl values or good precision values for Se due to poor signal to background ratios. These problems resulted in variable mdl's, including both a small number of extremely high-mdl values, as well as other extremely low values (<0.00001) that cannot be regarded as reliable.
The spot analytical uncertainty output in GLITTER is a combination of internal (counting statistic noise of the measurements over the length of analysis) and external signal uncertainties [mass bias, correction of unknowns to standards, laser induced elemental fractionation (LIEF), instrument drift]. Assuming a stabilized cell, the largest contribution to analytical uncertainty will be LIEF, followed by counting statistics, followed by instrument drift. To minimize LIEF, the spot size, frequency, and fluence are identical from standards to unknowns. Additionally, dwell times are kept as long as reasonably possible [0.05 s for all elements except Ag, Sb, and Bi (0.03 s) and S and Pb (0.007 s)], and the method is run for as long as reasonably possible, to get better counting statistics. Standards are run as often as reasonably possible to minimize any errors in the linear fit drift correction.
Four LA-ICP-MS element maps were made on selected areas ranging in size from approximately 1 to 4 mm 2 . To obtain a visual image of minor/trace element distribution within grains, mapping focused on areas of the galena grains in which compositional zoning was suspected. LA-ICP-MS mapping was carried out using a Resonetics M-50-LR 193 nm Excimer laser coupled to an Agilent 7700cx Quadrupole ICP mass spectrometer (Adelaide Microscopy). The M-50 instrument utilizes a two-volume small volume ablation cell (Laurin Technic Pty. designed for excellent trace element sensitivity) (Müller et al. 2009 ). Ablation was performed in an atmosphere of UHP He (0.7 L/min), and upon exiting the ablation cell the aerosol is mixed with Ar (0.93 L/min), after which the mix is passed through a pulse-homogenizing device or "squid" prior to direct introduction into the torch. The ICP-MS was optimized daily to maximize sensitivity on isotopes of the mass range of interest, while keeping production of molecular oxide species (i.e., Imaging was performed by ablating sets of parallel line rasters in a grid across the sample. A consistent laser beam size (9 µm) and 10 µm/s scan speed were chosen to give the desired sensitivity of elements of interest, and adequate spatial resolution for the study. The spacing between the lines was kept at a constant 9 µm to match the size of the laser spot. A laser repetition of 10 Hz was selected at a constant energy output of 80 mJ, resulting in an energy density of ~4 J/cm 2 at the target. A set of 29 elements were analyzed with dwell times of 0.01 s for all elements, apart from In, Au, and Tl (0.05 s), resulting in a total sweep time of 0.436 s. A 30 s background acquisition was acquired at the start of every raster, and a delay of 20 s followed each line to allow for cell wash-out, gas stabilization, and computer processing time. Identical rasters were done on the MASS-1 reference material at the start and end of a mapping run.
Element maps were compiled and processed using the program Iolite developed by the Melbourne Isotope Group (Paton et al. 2011) . Iolite is an open source software package for processing ICP-MS data, and is an add-in for the data analysis program Igor developed by WaveMetrics. A typical mapping run was analyzed over a 6-20 h-session, in which significant instrument drift could occur. To correct for this, standards were analyzed immediately before and after the run to assess drift. If present, a correction was applied using a linear fit between the two sets of standards. Following this, the average background intensity of every element was subtracted from its corresponding raster, the resultant time-resolved intensities compiled into a 2D image displaying combined background/drift corrected intensity for each element. To produce the quantitative 2D concentration maps from these intensity rasters, a sulfur value of 25 wt% was used as the internal standard. This value is intended to represent an average sulfur wt% value for an assemblage comprising galena, sphalerite, and chalcopyrite. We have tested the accuracy of the parts per million values on the four maps in this contribution by subsequent spot analysis on the same grains, and found agreement to be excellent.
resuLts
LA-ICP-MS trace element data
The LA-ICP-MS minor/trace element data for galena (mean element concentrations, standard deviations, and minimum and maximum concentrations) is summarized in Figure  3 , demonstrating both smooth profiles indicative of elements in solid solution, and irregular profiles suggesting the presence of inclusions. The spot analyses inferred to contain inclusions were not included in calculations of statistics.
The mean concentrations of key elements in individual samples are plotted as cumulative plots in Figure 4 . These allow a visualization of both the range of absolute values for each element, and the variance within each sample and deposit type. The larger standard deviations relative to means for the epithermal group reflect the intra-crystal compositional zoning described below. Bi, Sb, Ag, and Se have consistent and relatively high concentrations in galena throughout the 5 deposit types (Fig. 4) . Despite being in high concentration, Bi, Sb, Ag, and Se display a spread of at least two orders of magnitude within each group of deposits, or individual deposits such as Băiţa Bihor. Other elements (Tl, Sn, Cd, Te, etc.) display comparable concentration ranges between deposit types, except for the SEDEX group in which Bleikvassli has the highest values among all deposits for Tl and Sn, and Mofjellet is highest for Te within this group. There is a clear difference between the relative concentrations of Bi, Te, and Sb in the skarn group compared to the epithermal and SEDEX groups. The latter are clearly enriched in Sb relative to Bi and Te. In contrast, Ag and Se show comparable ranges of variation for all three groups. In skarn galena analyses, the proximal-to-distal trend is expressed by relative enrichment of Bi, Ag, and Te in proximal galena, and Sb-enrichment in distal galena. Individual deposits within the SEDEX category appear to contain similar concentration ranges of several elements (e.g., Bi, Tl, Sn, and Te). In contrast, the epithermal group displays greater variation, possibly reflecting the broader variety of environments. Galena from VHMS ores at Vorţa is compositionally closer to the epithermal rather than skarn trend within the Apuseni Mts. deposits.
Silver
Silver has some of the highest measured concentrations in galena with respect to any other element analyzed, with means within a single sample ranging from 95.5 ppm in BH218 (Broken Hill) to 14 928 ppm in BB55 (Băiţa Bihor). Smooth time-resolved LA-ICP-MS down-hole profiles and low standard deviations for the Ag concentration in each sample (averaging just 21%), strongly support that the measured Ag is in solid solution and is not the result of submicrometer inclusions of Ag-bearing phases. Moreover, mean concentrations are typically in the same order of magnitude across samples from the same deposit. Băiţa Bihor is the exception, where means for individual samples within the deposit range from 545 (±47) to 14 928 (±1673) ppm Ag.
Bismuth
Bismuth concentrations in galena vary significantly across the different deposits, both between different samples in a single deposit, and often between grains from a single sample. The lowest mean concentration for any sample was 0.06 ppm in sample DM3 (Vorţa). This is in stark contrast to 36 453 ppm Bi recorded in BB55 (Băiţa Bihor), the highest measured mean concentration of any minor element in any sample analyzed here. Nevertheless, both the smooth LA-ICP-MS down-hole profiles and a low standard deviation on the mean in sample BB55 (11% relative) advocate that Bi is in solid solution. Individual analyses giving anomalous (wt% level) Bi concentrations (excluded from the mean calculations in Table  2 ) were recorded in several samples: BdA 99-9 (Baia de Arieş); Hj13 (Herja); and 30 and 38 (Kochbulak). Micro-inclusions of Bi-bearing phases were interpreted as being responsible for these anomalous concentrations. Mean Bi concentrations vary by two orders of magnitude across the sample suites from Baia de Arieş, Băiţa Bihor, Herja, and Kochbulak. Epithermal and skarn systems commonly display significant zoning of certain elements across and between ore zones as a response to temperature gradients. In the case of skarns, proximity to the source of ore-forming fluids is also considered to be a important factor (e.g., Meinert et al. 2005) . Sample Hj13 from Herja contains galena that varies the most in Bi content, displaying concentrations ranging from 1.3 to 6406 ppm. Despite the variation, this Bi is still interpreted as sitting in an atomic site within the galena crystal structure.
Antimony
Mean antimony concentrations in galena (Table 2) Table  2 ). Micro-inclusions of an Sb-bearing sulfide (likely tetrahedrite) were detected with the SEM in this sample. Sb shows far less variation across samples from a single deposit than Bi. Nevertheless, galena from both the Broken Hill and Băiţa Bihor sample suites displays variation up to two orders of magnitude, suggesting that some parts of these deposits are different to others, likely reflecting deposit-scale zoning. In the case of Băiţa Bihor, this is readily interpreted in terms of higher Sb concentrations in samples from the Marta orepipe (distal to fluid source), relative to the Antoniu (proximal) orepipe. Relatively little spot-to-spot variation in Sb concentration is seen in most samples. Nevertheless, samples BH218 (Broken Hill; 4.7 to 161 ppm) and DMV99-22 (Vorţa; 0.8 to 1519 ppm) both have standard deviations that exceed the mean.
Thallium
Thallium concentrations in galena vary over two orders of magnitude from 1.2 ppm in BH221 (Broken Hill) to 248 ppm in Bv-1 (Bleikvassli). Galena in the Bleikvassli samples is around four times more Tl-rich than in the Mt. Isa samples that contain the next most Tl-rich galena. However, typical Tl concentrations are <10 ppm in most deposits. Relative standard deviations of 20% (on average) and smooth LA-ICP-MS down-hole depth profiles indicate that Tl is in solid solution within galena. Thallium concentrations vary little within a single deposit, and are always less than one order of magnitude. A similar trend is present on the sample scale, with only BdA 99-9 (Baia de Arieş; 2.5 to 38.8 ppm) having a standard deviation greater than the mean.
Cadmium
Mean cadmium concentrations in galena also vary over two orders of magnitude across all analyzed samples. Most samples contain a few tens of parts per million Cd, with mean concentrations ranging from 5.9 ppm in DMV99-22 (Vorţa) up to the anomalously high value of 487 ppm in Mo 11 (Mofjellet). A few anomalously high Cd values were recorded in spot analyses from Mt. Isa, Bleikvassli and Kochbulak, resulting from the presence of micro-inclusions of Cd-bearing phases. Submicrometer-sized Cd-bearing phases were observed by SEM in sample 30 (Kochbulak), and are likely a Cd-rich variety in the tetrahedrite group. Apart from these anomalous analyses, all others recorded Cd in solid solution as evidenced by smooth LA-ICP-MS down-hole profiles and standard deviations averaging 36% of the mean. Cd concentrations are typically very uniform across all samples from a single deposit. Mofjellet and Kochbulak are exceptions, showing concentration ranges in the respective sample suites from 18.4 to 487 ppm, and 10.1 to 145 ppm.
Copper
Considering the entire data set, Cu concentrations in galena vary considerably from below mdl in 16 samples to as much as 797 ppm in DMV99-22 (Vorţa). In some samples , Mo 5 (Mofjellet), BB55, BBH16AB (Băiţa Bihor), T1a (Toroiaga), and 47 (Kochbulak)] irregular time-resolved down-hole profiles suggest the presence of submicrometer-scale inclusions of Cu-bearing minerals. Similar inclusions of Cu-bearing phases (likely of the tetrahedrite group) were also detected by SEM imaging in samples Mo 5, BBH16AB, T1a, and 47. Despite these exceptions, the majority of analyses showing measurable Cu concentrations suggest that Cu is most likely in solid solution in the galena structure (smooth LA-ICP-MS down-hole profiles, standard deviations averaging 41% of the mean).
Selenium and tellurium
Both selenium and tellurium concentrations in galena vary extensively across the sample set (Table 2 ). For example, Se ranges from below the detection limit in 5 samples to 1742 ppm in . Similarly, Te ranges from below the detection limit in 2 samples to 891 ppm in BB55 (Băiţa Bihor). a Galena grains analyzed are zoned. (X) Number of individual spot analyses on that sample. Dash = insufficient data for calculation. All <mdl values excluded from statistical calculations; numbers with < in the table were all less than mdl. The number given is the average mdl within that population.
While smooth LA-ICP-MS down-hole profiles infer that both elements can sit within the crystal lattice of galena, micro-inclusions of selenides are inferred in BH218, BH221 (Broken Hill), Kmi 2b (Kapp Mineral), BdA 99-9 (Baia de Arieş), BBH20 (Băiţa Bihor), TOR197 (Toroiaga), and ZN 99.2 (Zinkgruvan), while the presence of tellurides is inferred in 38 (Kochbulak). The concentrations of both elements can vary up to an order of magnitude within a set of samples from a single deposit, and in many cases vary significantly within a single sample (Table 2) .
Indium and tin
Indium and tin were found to be present at detectable concentrations in most samples, but absolute values are typically <2 and <10 ppm, respectively. In some cases galena appears to accommodate far more Sn in its structure, with 619 ppm Sn was recorded in Bv-97-3 (Bleikvassli), and each sample from this deposit returning over 100 ppm Sn. Neither In nor Sn vary significantly across samples from a single deposit.
Other elements
Minor amounts of gold (a few parts per million), were measured within galena in a few samples (BdA99-5, BdA99-9, Kochbulak 47). Likewise, Kochbulak 30, BBH28A, and Mo11 contained lowparts per million levels of Hg. Submicrometer-scale inclusions of Au-and Hg-bearing phases are likely responsible. Nevertheless, very low amounts of Au and Hg might theoretically be accommodated in the galena structure, although this cannot be proven by the present study. Cr, Mn, Fe, Co, Ni, Zn, Ga, As, Mo, and W could not be detected at measurable concentrations in any of the analyzed samples.
LA-ICP-MS mapping
Typifying either metamorphosed-recrystallized SEDEX (Bleikvassli; Fig. 5 ) or epithermal deposits (Herja, Figs. 6 and 7 ; Toroiaga, Fig. 8 ), LA-ICP-MS element maps of multi-component sulfide assemblages (galena + sphalerite ± chalcopyrite ± pyrite) show that in all cases Ag, Bi, Sb, Tl, and Se are concentrated in galena. Tellurium is also present in epithermal galena. Sphalerite preferentially concentrates Cd, In, Hg, and Ga, with Mn also present in epithermal sphalerite.
In the first map (Bleikvassli; Fig. 5 ), Ag is principally concentrated in galena; modest concentrations of Ag are also noted in sphalerite. Within the lateral resolution offered by the LA-ICP-MS maps, element maps display no compositional in- Table 2 ). The data are arranged in order of increasing element abundance within each sample in each deposit type (as for Bi, top left). Individual samples may appear in different positions for different elements. The reader is referred to Table 2 for raw values. homogeneity in any of the sulfide minerals (limited by the 9 µm laser spot size and line spacings).
The first set of element maps of the galena-bearing assemblage (sample Hj13 from the Herja epithermal vein system; Fig. 6 ), display the distribution of elements in a galena-sphalerite-chalcopyrite assemblage. This assemblage is interpreted as having crystallized at equilibrium due to the 120° triple junction between the three minerals. Ag, Sb, Bi, Tl, Te, and Se are primarily contained within galena, whereas Cd, In, Sn, and Co (as well as Mn, Hg, and Ga, not shown on the figure), are predominantly concentrated in the coexisting sphalerite. Chalcopyrite is relatively barren of minor/trace elements but does contain minor amounts of In, Sn, Ag, and Co. The relative concentrations of In, Sn, and Co in the three sulfides are in the order Sp > Cp > Gn. Distributions of Bi, Se, Te, Sb, Ag, and Tl display extensive heterogeneity within the galena. A systematic decrease in Bi, Se, Te, Ag, and Tl is noted toward the mutual boundary with sphalerite. Increasing toward the boundary, antimony displays an antithetic relationship compared to the other elements. The compositionally distinct zones in galena are cut perpendicularly at the galena-chalcopyrite boundary. Compositional zoning with respect to In and Sn is also noted in sphalerite.
A second set of element maps focusing on a single galena grain (sample Hj13; Fig. 7) , shows exemplary compositional zoning of various trace elements within galena. These maps show that the zonation is both oscillatory and sectorial, and that concentrations vary over as much as three orders of magnitude within the grain. Displaying comparable zonation patterns across the grain, Bi, Se, Ag, Te, and Tl correlate with one another, with Sb behaving in an inverse manner. The sector zoning is seen particularly well on the Bi and Sb maps, with variation in concentration somewhat weaker than in the oscillatory zoning. Figure 8 displays element maps of a four-component (galenasphalerite-chalcopyrite-pyrite) assemblage from the Toroiaga epithermal vein system. Sb, Bi, Ag, Tl, Te, and Se are shown to be concentrated in galena. Mn, Hg, Ga (not shown), Cd, and In are chiefly concentrated within sphalerite, whereas Ni, Co, As, and Au (not shown) are almost exclusively present within pyrite. In striking contrast to the Herja maps (Figs. 6 and 7) where Sn is concentrated within sphalerite, Sn is observed to be concentrated in chalcopyrite relative to coexisting minerals. Enclosed in chalcopyrite, the zoning in one galena grain is systematic (showing a Sb-rich core and Bi-rich rim). The second galena grain on the map displays a less clear pattern, marked by depletion in Bi toward the mutual boundary with sphalerite. This zoning pattern is mimicked by Se, Te, Tl, and Ag, although for Te, Tl, and Ag, this is not as well resolved on the figure. Again, Sb shows an antithetic relationship with Bi, with a Sb-enriched core and depleted rim in the galena crystal enclosed within chalcopyrite. Compositional zoning is also displayed in sphalerite (In), and in pyrite (Ni, As, Co, and Au, not shown).
In the course of this study, we have generated several other LA-ICP-MS element maps on assemblages in the sample suite.
Compositional zoning in galena has only been observed in sulfide assemblages of epithermal type, although rarely as spectacular as shown in Figure 7 .
disCussioN
Inter-element correlations
Considering the mean for each sample in the full data set, Table 3 . In an ideal coupled substitution, mol% Ag would be expected to equal mol% (Bi+Sb). Adding both Cu and Tl to Ag increases the correlation with (Bi+Sb) to R 2 = 0.9662. Along with Ag both Cu and Tl likely exist in the +1 state in galena, and have been measured and are interpreted (based on limited intra-sample variance and smooth time-resolved down-hole spectra) as residing in solid solution in galena. These correlations indicate that both Cu and Tl may be involved in the same coupled substitution by which Ag + , Bi
3+
, and Sb 3+ are incorporated into the galena lattice. The coupled substitution may thus be more accurately expressed as (Ag,Cu,Tl)
. Expressed as mol% on binary plots (Figs. 9a-9c) , the fit to a 1:1 line is good for the epithermal and SEDEX groups, but in the case of the Băiţa Bihor skarn shows mol% (Bi+Sb) exceeding mol% (Ag+Cu+Tl) in which galena contains the highest Bi (Fig.  9c) . Some other samples (e.g., Bleikvassli, Herja, and Toroiaga) also display deviation from the 1:1 line at highest (Bi+Sb) values. Since all three elements are interpreted as being in solid solution, this implies more (Bi+Sb) is contained within the galena crystal lattice than the monovalent ions. This may imply that in environments significantly enriched in Bi and/or Sb, Bi 3+ and/or Sb 3+ can substitute into the crystal lattice of galena without a corresponding monovalent cation. In this event, the site usually filled by the monovalent cation would be left vacant, and the substitution would be 2(Bi,Sb)
. Although a structural configuration including vacancies is non-ideal (Silinsh 1980; Mishin et al. 2001) , it may become acceptable when there are either not enough monovalent cations to substitute with Bi 3+ and/or Sb 3+ , or too much Bi and/or Sb to be accommodated solely via crystallization of coexisting minerals.
Indium and tin correlate strongly across the sample suite (R 2 = 0.9169; Table 3 ). This indicates that samples with galena rich in Sn are also rich in In, indicating that the availability of these elements in natural systems is intimately linked, perhaps from granitesourced fluids. Tin however is typically present at concentrations 1-3 orders of magnitude higher than indium (Fig. 9d) . For galena rich in Sn (i.e., at Bleikvassli), it is interpreted that most of the Sn is partitioned into that mineral during syn-metamorphic recrystallization (see below) rather than incorporated within galena during initial crystallization. At lower ranges of concentration in the epithermal ores, correlation between In and Sn is weak (Fig. 9e) .
Tellurium correlates strongly with both Ag and Bi (R 2 = 0.7931 and 0.8564, respectively; Table 3 ). However Figures 9f and 9g reveal that these correlations are only unambiguously expressed by the single skarn sampled (Băiţa Bihor). The presence of various bismuth chalcogenides of the tetradymite group is documented at Băiţa Bihor (Cioflica et al. 1995 Ilinca and Makovicky 1999; Cook et al. 2007; . It is possible that micro-inclusions of Bi-tellurides were analyzed in the Băiţa Bihor samples, creating the impression that Bi and Te correlate in solid solution in galena. Furthermore, many of these Bi-tellurides can be significant carriers of Ag (15 626 ppm Ag recorded in tetradymite; Ciobanu et al. 2009 ), thus possibly creating an artificial secondary correlation between Ag and Te.
However, apparent correlation of Te with Bi and/or Ag at Băiţa Bihor (Figs. 9f and 9g) as a result of the presence of Ag-bearing Bi-telluride inclusions is not supported by the time-resolved LA-ICP-MS depth profiles. Figure 3a clearly shows smooth depth profiles for Bi, Ag, and Te, strongly indicating that these elements are likely to occur in solid solution in galena at Băiţa Bihor. Bismuth-enriched galena is generally Ag rich, arguably due to the coupled substitution Ag
.
Substitution mechanisms
Data obtained in this study supports coupled substitution mechanisms for Ag, Bi, and Sb through the coupled substitution Ag
. When Bi and/or Sb are at high concentrations (~>2000 ppm), site vacancies may play a role through an additional substitution 2(Bi,Sb)
. Despite detection limits commonly as low as a few parts per million, As is not detected in any significant concentrations in any sample, thus denying any confirmation that As 3+ also takes part in the coupled substitution (Chutas et al. 2008) .
Data introduced here suggest an expanded coupled substitution (Ag,Cu,Tl)
, i.e., also involving other monovalent cations. Since the oxidation state of Cu and Tl in galena cannot realistically be determined experimentally by EXAFS or XANES analysis due to the very low concentrations of these elements, the presence of Cu + may only be assumed based on its presence in other common sulfide minerals such as chalcopyrite (Goh et al. 2006) , or in Cu-In-substituted sphalerite . Thallium also prefers the +1 state over +3 as Tl 3+ is a powerful oxidizing agent under normal conditions (Downs 1993) . This study has also shown that far more Tl can be accommodated in galena than previously thought. The highest concentration of Tl in galena recorded in this study (248 ppm; Bleikvassli) is an order of magnitude greater than the maximum 20 ppm reported by Nriagu (1998) . Furthermore, contrary to Nriagu (1998) and Graham et al. (2009) , galena appears to be the primary host for Tl in assemblages containing pyrite and sphalerite . However it is unclear as to whether there is a systematic partitioning of Tl into galena in any sulfide ore.
It seems most likely that Cd and Hg are incorporated into galena via the simple bivalent cation substitution: (Cd,Hg) 2+ ↔ Pb 2+ . However this study has shown that the previously reported concentrations of Cd and Hg in solid solution in galena may be gross over-calculations. As Tauson et al. (2005) concluded, the 1.5 mol% Cd reported by Tauson et al. (1986) is probably 1-2 orders of magnitude too high. The extent of the over-calculation of the Hg content of galena by Tauson et al. (1986) may be greater still, since only a few parts per million Hg is recorded in galena in our study. Given the apparent lack of Hg in galena of our studied sample suite, partitioning of Hg between coexisting galena and sphalerite would not appear to be a prospective geothermometer for most deposits. Contrary to Bethke and Barton (1971) , Mn has not been detected in galena in any significant concentrations or consistencies in any sample to permit its use as a geothermometer.
Although introduced as a possible mechanism for substitution of Sn into sphalerite (Cook et al. 2009b) , although the budget of monovalent cations is insufficient to incorporate the large concentrations of Sn documented in deposits such as Bleikvassli or Sullivan. In those most Sn rich galena specimens (e.g., Bv-97-3; Bleikvassli), it may be possible to determine the oxidation state of Sn in galena by XANES, EXAFS, or XPS.
It can be assumed that In is incorporated in galena as a trivalent cation in the coupled substitution Ag (S, Fe, Pb, Ag, Sb, Bi, Tl, Te, Se, Cu, Zn, Cd, In, Sn, Co) of an equilibrium assemblage comprising coexisting galena (Gn), sphalerite (Sp), and chalcopyrite (Cp) (Hj13, Herja). Note the preferential concentration of Ag, Sb, Bi, Tl, Te, and Se in galena, and of Cd, In, Sn, and Co in sphalerite. Note also compositional zoning of all elements in galena, and of In (and to some extent Sn), in sphalerite. Relative concentrations of In, Sn, and Co in the three sulfides are in the order Sp > Cp > Gn. Ag and Sb are also noted within fractures at or close to the chalcopyrite-sphalerite contact. Mn, Hg, and Ga (not shown) are also preferentially incorporated in sphalerite. Scales in parts per million. (Color online.)
Grain-scale compositional zoning
Oscillatory zoning of minor/trace elements is documented in galena from two epithermal ores (Herja and Toroiaga; , confirming that like other sulfides, galena can be compositionally zoned at the grain-scale. Given the unmetamorphosed character of these geologically young (~10 Ma) deposits, zoning must have developed during initial crystallization. The 120° triple junctions between galena, sphalerite, and chalcopyrite (Fig. 6 ) strongly fiGure 7. LA-ICP-MS element maps (S, Pb, Sb, Bi, Ag, Se, Te, and Tl) of assemblage comprising coexisting galena (Gn), sphalerite (Sp), and chalcopyrite (Cp) (Hj13, Herja), with emphasis on oscillatory and sectorial compositional zoning in galena; see text for further explanation. Scales in parts per million. (Color online.) suggest the sulfide assemblage at Herja formed at equilibrium, presumably during slow growth conditions. The zoning pattern shown by Sb is the reverse of that shown by Bi; when Bi is enriched in galena, Sb is depleted by necessity and vice versa. Ag, Tl, Se, and Ag tend to follow Bi rather than Sb.
Various oscillatory zoning processes are debated in the wider literature (e.g., Ortoleva et al. 1987; Shore and Fowler 1996; L'Heureux 2013) . By analogy with other minerals, the observed oscillatory zoning in galena can be interpreted either as an intrinsic or an extrinsic phenomenon, i.e., relating to crystal growth within a closed, local system, or involving chemical fluctuations in the ore-forming fluid. Considering that this phenomenon is only observed here in galena from epithermal veins, it is possible that the zoning relates to crystallization in a locally closed system within the larger, open hydrothermal system. Such conditions would be readily attained by pooling of fluid within vein cavities. It appears that syn-metamorphic, open system crystallization does not allow for the development of compositional zoning in such a way, but could lead to zoning via extrinsic mechanisms.
Reeder and Grams (1987) proposed a model for sector zoning in crystals growing from an aqueous solution as a result of differential partitioning between non-equivalent crystal faces. Shore and Fowler (1996) claim this model may be applicable to oscillatory zoning as well, since both types of zoning are often visible in the same crystal as observed in this study. Indeed, oscillatory zoning was replicated by Reeder et al. (1990) in synthetic calcite without changing the composition of an isothermal solution.
The absence of grain-scale zoning in the other samples may suggest that such phenomena are rarely preserved, and that in particular recrystallized galena will not show zoning. Including the possible role of defects and twinning, identifying the relationships between crystal zoning and lattice-scale structural features would be a worthy topic for future study. This could be accomplished via a combination of focused ion beam (FIB)-SEM and transmission electron microscopy methods as was applied to sphalerite and other sulfides ). Sharp et al. (1990) show the importance of nanoscale features in galena. Using scanning tunneling microscopy (STM) they were able to identify defects in the surface structure of Ag-Sbbearing galena. The study described a distortion in the surface structure of Ag-and Sb-bearing galena, resulting in kinking of atomic rows that parallel [110] . This distortion is interpreted as the result of strain in the atomic structure caused by the grouping of substituted Ag and Sb in the galena lattice. If true, this may indicate that substituted elements (especially Ag and Sb) in the galena lattice are not evenly distributed, but clustered.
Partitioning between galena and coexisting sulfides
Several samples in this study (Table 1) contain coexisting sphalerite that has also been analyzed by LA-ICP-MS in previous studies (Cook et al. 2009b; Lockington et al. 2014 ). This permits a comparison of minor/trace element partitioning trends among coexisting sulfides, even if equilibrium crystallization is not necessarily implied.
Ag, Sb, and Bi are primarily contained within galena, whereas Cd, In, and Hg are concentrated in sphalerite. Tin is largely absent in sphalerite, where only the Bleikvassli samples have concentrations of Sn significantly above mdl. In coexisting galena, concentrations range from 0.7 ppm (Mo 5, Mofjellet) to 595 ppm (V538, Bleikvassli), with galena always containing more Sn than sphalerite. It has been suggested above that galena becomes the primary host of Sn in a recrystallized assemblage. Nevertheless, galena still contains more Sn than sphalerite even in SEDEX (Mt. Isa) and epithermal (Toroiaga) ores. This study thus clearly shows that the role played by galena in controlling trace Sn distributions may be significantly greater than previously recognized. However, further work to establish this would need to consider the role played by coexisting chalcopyrite that is generally considered a good Sn-carrier (e.g., Kase 1987) .
Our data shows that Tl is always primarily concentrated in galena, with only the Mt. Isa sphalerite containing concentrations of Tl above mdl. This again suggests that galena is the primary host of Tl in base metal ores, contrary to Nriagu (1998) and Graham et al. (2009) . Copper concentrations are always an order of magnitude greater in sphalerite than coexisting galena, indicating that sphalerite is the preferred host. Sample Mo 5 (Mofjellet) is the exception with 12 ppm Cu recorded in galena compared to 8 ppm Cu in the sphalerite. Selenium is essentially absent from sphalerite whenever coexisting with galena. Galena can be relatively Se-rich (concentrations up to 553 ppm Se in Bv-1, Bleikvassli) suggesting that in a galena-sphalerite assemblage, Se is preferentially partitioned into galena.
The data presented here represent an important step toward our ongoing goal of quantifying X sphalerite /X galena , X sphalerite /X chalcopyrite , and X chalcopyrite /X galena ratios, where X is any given trace element.
imPLiCatioNs
The element maps in this study reveal several ore genesis-related aspects of trace element incorporation in certain multi-component sulfide assemblages. Mutual grain relationships in these samples suggest co-crystallization of base metal sulfides (excluding pyrite), either via co-precipitation (epithermal, skarn), or during syn-metamorphic re-crystallization at amphibolite facies or above (some SEDEX deposits included in this study). Galena is the better host for Ag, Tl, Bi, Sb, and Se, whereas Cd, In, Hg, and Mn are systematically enriched in coexisting sphalerite. This is seen across the data set despite the wide range of absolute concentrations and diverse character of the sample suite. The correlation of mono-and trivalent ions in galena is readily related to the substitution mechanism (Ag,Cu,Tl) 1+ +(Bi, Sb) 3+ ↔ 2Pb 2+ . Broadly, concentrations of Sb in galena are higher in SEDEX and epithermal systems than in skarn. Galena from Băiţa Bihor is 5 times richer in Bi than in any other deposit analyzed (Table 2 ; Fig.  4 ). This is primarily due to the anomalous Bi-rich environment of this deposit, in which a wide range of rare Bi-sulfosalt minerals are documented. We also note enrichment of Te in galena from epithermal/skarn systems but not in SEDEX deposits (Fig. 4) .
The behavior of Sn in multi-component sulfide assemblages shows differences. Tin is clearly enriched in galena from SEDEX ores, and conversely incorporated in sphalerite or chalcopyrite in some epithermal systems (Fig. 4) . This may be seen as a peculiarity of SEDEX systems, where despite their age, geological setting or metamorphic overprint, local variation of Sn seems dependent upon the presence or absence of chalcopyrite. The LA-ICP-MS element maps from Bleikvassli (Fig. 5) suggest that the degree of syn-metamorphic recrystallization may also play a role. In this case recrystallized galena is highly enriched in Sn, while the coexisting sphalerite that arguably formed in equilibrium with the galena is almost entirely depleted in the element. Tin is commonly a minor component in sphalerite (Stoiber 1940; Cook et al. 2009b; Ye et al. 2011) , and since sphalerite is abundant in the Bleikvassli samples, it can be inferred that recrystallization of a coexisting galena-sphalerite assemblage at upper amphibolite facies conditions results in re-partitioning of Sn from sphalerite to galena. However, tin-bearing galena is not exclusive to recrystallized SEDEX deposits. Although metamorphosed to lower amphibolite facies, galena from Sullivan also contains over 400 ppm Sn with no evidence for any significant recrystallization of the sulfide assemblage. Chalcopyrite may also be a primary host for Sn. This is seen in the LA-ICP-MS element maps for the Toroiaga sample (Fig. 8) . Contrasting with those in Figures 6 and 7 , these distributions suggest that the Toroiaga assemblage may not represent equilibrium crystallization (telescoping of earlier Cu-rich and later Zn-Pb-rich sulfide assemblages?). Alternatively, it may suggest that the partitioning of Sn among coexisting sulfides depends on temperature or other parameters.
Although beyond the scope of the present study, the partitioning behavior of Sn between coexisting sulfides under hydrothermal/ metamorphic conditions represents a significant research gap that needs to be assessed in terms of the galena-sphalerite-chalcopyrite ternary assemblage.
The contrasting behavior of Sn in the two metallogenically related epithermal systems (Figs. 6-8) is notable, as it highlights not only the potential for development of new geothermo(baro)-meters based on the partitioning of a given element into a mineral pair, or of two elements between two minerals (e.g., Sn and Cd in galena and sphalerite), but also for geochemical tools in metallogenetic studies and exploration vectoring.
The samples covered in this study derive from deposits that were formed in a range of different geodynamic environments and crystallized over a wide range of pressure-temperature conditions. Despite this, our results suggest a communality of element behavior. One clear finding is the greater compositional variance in samples from epithermal deposits relative to the metamorphosed systems. Absolute element concentrations are also dependent on the source of elements in each setting, whether it be leaching from the sedimentary pile in the case of the SEDEX systems, or magmatic sources in epithermal deposits. This would logically explain the relative enrichments in elements such as Sn and Bi in the two groups.
Trace element concentrations and their grain-scale distributions in galena could also be used to identify spatial and/or temporal trends within individual metallogenic belts. In addition they could represent markers of processes of ore formation, as well informing us on deposits that have undergone superimposed metamorphism and deformation. Trace element data for specific minerals can also guide optimization of ore processing (especially where extraction of valuable trace/minor elements is sought), and assist in recognition of potential mechanisms for retention and release of hazardous elements in galena within a mine stockpile or tailings heap. Last, we also see potential for using galena trace element geochemistry for trace/minor element vector approaches in mineral exploration, notably for recognition of proximal-to-distal trends within a given ore system. Additional data are needed to substantiate and expand on many of our findings. In particular, data from other sulfide systems will help elucidate mechanisms of substitution, contribute toward establishing partitioning relationships in multi-component assemblages, and further resolve the critical issue of solid solution vs. fine-scale inclusions for some elements. We hope our findings will catalyze further studies of galena.
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